Theoretical equations of normal pulse, cyclic, and ac voltammetric currents of the electron transfer reaction at a liquid|liquid or organic solvent (O)|water (W) interface were derived under certain assumptions that are considered to be acceptable in most experimental systems employed for the study. Based on the theory, the mechanisms of the electron transfer reactions between bis(phthalocyaninato)lutetium ([Lu(pc) 2 ]), ferrocene ([Fe(C 5 H 5 ) 2 ]), or dibutylferrocene ([Fe(C 5 H 4 Bu) 2 ]) in O and hexacyanoferrate redox couple ([Fe(CN) 6 ] 3 /4 ) in W were determined experimentally. The theory and the experimental results are summarized in this review.
Introduction

When a solute
. The mechanism can be studied by the use of voltammetry, if charge is transferred by the reaction. Kakutani et al. have employed ac voltammetry to study the mechanism of the transfer of sodium ion from W to nitrobenzene (NB) phase facilitated by dibenzo-18-crown-6 in NB, indicating that the mechanism (a) in Fig. 1 is the most probable of the three. 1) Voltammetric studies on the mechanism of the electron transfer reaction at the O|W interface between a redox couple A RED /A OX in O phase and another redox couple B OX /B RED in W phase have also been reported. Osakai and co-workers have studied the mechanism of the electron transfer reaction between ferrocene ([Fe(C 5 H 5 ) 2 ]) in NB and hexacyanoferrate redox couple ([Fe(CN) 6 ] 3−/4− ) in W by cyclic voltammetry, indicating that the reaction takes place by the mechanism (c) in Fig.   1 . 2) In previous papers, we have determined 3−6) the mechanisms of the electron transfer reactions between bis(phthalocyaninato)lutetium ([Lu(pc) 2 ]),
[Fe(C 5 H 5 ) 2 ], or dibutylferrocene ([Fe(C 5 H 4 Bu) 2 ]) in O and [Fe(CN) 6 ] 3−/4− in W, by using the theoretical equations of normal pulse, 7) cyclic, 8) and ac 9) voltammetric currents, which were derived under certain assumptions that are considered to be acceptable in most experimental systems employed for the study. The theory and the experimental results are summarized in this review.
Fig. 1.
Three reaction mechanisms at a liquid|liquid interface.
Theory
Let us consider the electron transfer reaction between a redox couple of A species in O phase, 
which produces the electric current. Second, it may take place according to the mechanism as expressed by 15)
that is, the A RED (O) is transferred to W phase according to Eq. (2a), then the electron transfer reaction takes place in W phase according to Eq.
(2b) while the electric current is associated with the succeeding ion transfer of A OX (W) to O phase across the O|W interface according to Eq. (2c). In the following, we shall call 2) the first, heterogeneous electron transfer reaction mechanism by Eq. (1) the ET-mechanism, whereas the second, homogeneous electron transfer reaction associated with ion transfer mechanism by Eqs.
(2a−c) the IT-mechanism.
For the sake of simplicity, we assume that the 
1. Normal pulse voltammetry (NPV)
The normal pulse voltammetric current of the electron transfer reaction (I NPV ) vs. the potential 
In these equations, t s is the sampling time, D O AR is the diffusion coefficients of A RED in O phase, and Δφ 1/2,r is the reversible half-wave potential of the electron transfer reaction. q is the surface area of the test interface, and F, R, and T are used in the usual meanings. λ is the kinetic parameter discussed below.
When a Butler−Volmer-type equation is adopted for Eq. (1), the λ-value for the ET-mechanism (λ ET ) is expressed by 7,16) ( )
where k E 0 is the standard rate constant of the Bulter−Volmer-type equation, and α and β (α + β = 1) are the transfer coefficients of the forward and backward rate constants, respectively.
In discussing the λ-value for the IT-mechanism (λ IT ), two more assumptions are introduced: (i) the partition coefficient of A RED , K p , is sufficiently large, so that K'K p >> 1 even when K' 
The voltammetric behavior of electron transfer reaction at O|W interface is explained by the ET-mechanism when λ ET >> λ IT , whereas it is explained by the IT-mechanism when λ ET << λ IT .
Cyclic voltammetry (CV)
The cyclic voltammetric current of the electron transfer reaction (I CV ) is given by 8, 16) ( )
Here, v is the rate of the potential sweep, and Ψ Λ,α is Matsuda's Ψ-function, 17) where the numerical integration should be extended to cover the backward sweep range of the applied potential. 18, 19) The suffixes Λ and α indicate that the Ψ-function is dependent on these kinetic parameters, where Λ both for the ET-and IT-mechanisms is defined
For Cases A1 and A2 of the IT-mechanism, α = 0. 16)
AC voltammetry (ACV)
When the rates of the electron transfer reaction are rather high that the electron transfer reaction is dc-voltammetric-reversible, the ac voltammetric current (I ACV ) at the quasi-stationary state is related to the applied ac voltage (E ac ) by 9)
,
In these equations, j is the imaginary unit and ω is the angular frequency. The kinetic parameter λ in Eq. (9a) is discussed above (Eqs. (4a)−(6)).
Experimental Results
[Lu(pc) 2 ](1,2-DCE)|[Fe(CN) 6 ] 3−/4− (W)
The electron transfer reaction between [Lu(pc) 2 ] in 1,2-dichloroethane (1,2-DCE) and
[Fe(CN) 6 ] 3−/4− in W has been studied first by Schiffrin and his co-workers. 20, 21) This reaction has been believed to proceed by the ET-mechanism, although the experimental evidence for the reaction mechanism has not been shown. We have applied NPV and ACV to determine the mechanism. 6)
In NPV, S-shaped voltammograms with well-defined limiting currents were obtained when * c O AR = 0.08 mM and * c W BO = * c W BR = 4.0 mM (Fig. 2) . Here, the applied potential (E) is related to Δ W O φ by indicating that the limiting current is diffusion-controlled ( Fig. 3(a) ). On the other hand, the I 1/2 t s 1/2 -values, where I 1/2 is the current when the reversible half-wave potential was applied to the interface, tended to decrease with increasing t s −1/2 (Fig. 3(b) ). However, it was ) were calculated and are summarized in Table 1 . With increasing * c W BO (= * c W BR ) by 1.5 times, the λ-value increased by about 1.7 times. Furthermore, the λ-values at several applied dc potentials (E dc ) were determined for * c W BO = * c W BR = 4.0 mM and are shown in Fig. 4 . The λ-value had a minimum value at around E dc = E 1/2,r .
A similar λ vs. E dc plot with a minimum value at around E dc = E 1/2,r was obtained for * c W BO = * c W BR = 6.0 mM.
The above voltammetric results were most likely explained by the theoretical equations for the ET-mechanism, Eq. (4a), which predicts that the λ vs. E dc plot has a minimum value at around E dc = E 1/2,r when α is around 0.5, 21) and Eq. (4b), which predicts that the λ-value is proportional to * c W BO when * c W BO = * c W BR . On the other hand, the theoretical equations for Cases A1 and A2 of the IT-mechanism, 7, 9) which predict that the λ-value decreases with increasing E dc -value and approaches a limiting value (see Eq. (5a) for Case A2), and those for Case B of the IT-mechanism, 7, 9) which predict that the λ-value is independent of * c W BO , are not in agreement with the experimental results. Thus, it is concluded that the electron [Fe(CN) 6 ] 3−/4− (W) shown above ( Fig. 3(a) ). In 
